Paints are being developed and tested that might ultimately be able to detect radiological agents in the environment by incorporating special pigments into an organic polymeric binder that can be applied as a paint or coatings. These paints detect radioactive sources and contaminants with inorganic or organic scintillation or thermo-luminescent pigments, which are selected based upon the radiation (α, β, γ or n) to be detected, and are shown in Figure 1 . 
INTRODUCTION
Since the surfaces of most engineered structures are painted to protect them from corrosion, and to impart esthetic beauty, paints provide a viable means for imparting such functionality to surfaces. Ultimately, such paints could be used to allow relatively easy detection of widespread radioactive contamination on the surfaces of buildings and mass transit systems, thereby enabling such areas to be more readily decontaminated. Such coatings could also be used to form large-area temper-proof indicators, to reveal the presence of radioactive materials, and to ensure compliance with various regulatory requirements and other agreements. Such paints would be ideal for buildings and facilities involved in the processing and storage of nuclear materials, and could even be used to monitor contamination and dose on-board space craft and inside nuclear powered ships. Developmental work done thus far has demonstrated the viability of this concept. The concept of using sensing pigments can be easily extended to molded plastic parts. Additional work required for the full realization of the concepts potential is outlined.
The first demonstration of a radiation-sensitive paint involved the successful detection of scintillations from painted surfaces irradiated by both alpha particles and gamma rays. Alpha particles from a weak 1-nCi Pu-239 source were detected with a scintillation-type paint, a photomultiplier tube (PMT), and a pulse counting network. Gamma rays from a 100-µCi radium-226 source were also detected with different scintillation-type paint by performing timelapse photography with a commercially available 12.8-megapixel camera.
More recently, radiation sensitive paints capable of recording dose have been developed. These paints have been prepared with the three size-fraction thermo-luminescent pigments: coarse (−75/+53 µm); medium (−53/+38 µm); and fine (−38 µm). As previously discussed, each coating was prepared with powder that was produced by milling TLD-700 Li-7 fluoride ( 7 LiF) chips, taking the desired size fraction, and mixing it with a clear organic paint for hightemperature applications (PJH Brands SP-115 VHT Clear Coat). In all cases, the ratio of clear coat to powder was 10:4 by weight.
First, the coating pigment was given a dose of >20,000 rad from a Co-60 gamma source, mixed with the clear coat paint, and then applied to a surface. The surface was then heated with a hotplate while the thermo-luminescent response was monitored with a photomultiplier tube. The temperature thresholds of these γ-sensitive pains were determined to be between 110 to 120ºC. The signal intensities obtained with coarse (−75/+53 µm) and medium (−53/+38 µm) pigment were greater than that obtained with the fine (< 38 µm) pigment. A slight optimum in performance may exist for the −53/+38 µm pigment, with the fine pigment having inferior performance.
Each sample was then irradiated a second time with a dose of ~50,000 rad and interrogated. In this case, the temperature threshold for thermoluminescence appeared to be slightly lower (~80 to 100ºC) than observed during the initial irradiations and interrogations. However, additional work is required to be certain. Here too the signal intensity from the fine (< 38 µm) pigment was less than that obtained with the coarser (−75/+53 and −53/+38 µm) pigments, which is consistent with the initial irradiation. Once again, a slight optimum in performance existed for the −53/+38 µm size pigment, with the fine pigment having inferior performance.
A third irradiation of the thermo-luminescent paints delivered 5000-rad dose. In this case, the observed temperature threshold for thermoluminescence was approximately 120 to 150ºC, and was greater than the threshold of approximately 80 to 100 ºC observed with the 50,000-rad dose. It was therefore concluded that the stored dose information is more stable as the dose decreases.
It was also concluded that the performance of pigments in LiF (#1) and LiF (#2) were comparable, whereas the performance of pigment in LiF (#3) was relatively poor. The size distribution of pigments used in LiF (#1) and LiF (#2) were coarse (−75/+53 µm) and medium (−53/+38 µm), respectively. The size distribution of the pigment used in LiF (#2) was fine (−38 µm). It was therefore concluded that radiation sensitive paints using this type of thermo-luminescent pigment should use particle sizes greater than 38 µm. The finer pigments may have had too many defects from grinding to function well as thermo-luminescent micro crystals. The peak emission during thermoluminescence occurred at a wavelength of 400 nm, which is in the violet-to-ultraviolet range.
NOMENCLATURE
Charge-Coupled Device CCD Photomultiplier Tube PMT Thermo-Luminescence TL Thermo-Luminescence Detector TLD Ultraviolet UV Visible VIS
TECHNICAL APPROACH
Protective paints and coatings have been developed that could ultimately be used to detect the presence of radiation on surfaces, or in close proximity to surfaces. Scintillation-type paints enable the instantaneous detection of radiological agents in the environment, present on or near surfaces through scintillation. Special inorganic pigments are added to paints that produce luminescence when irradiated by alpha, beta and gamma rays. Organic scintillation compounds can also be blended into the organic binders. Signal enhancement and wavelength shifting can be accomplished by using the luminescence to stimulate florescence in dyes incorporated into the polymeric paint or binder. Integrating paints and coatings are being developed to enable extremely sensitive dose recording due to any historic exposure to radiation. The second type of paint, referred to here as thermo-luminescent, records accumulated dose. In this case, an inorganic thermo-luminescent pigment produces light in the visible-ultraviolet spectrum that is proportional to radiation exposure, and can be reset by annealing. High temperature transparent (clearcoat) paints serve as binder and host matrix for scintillation and thermo-luminescent pigments, and should not absorb the emitted luminescence.
The presence of radiological agents on a surface can be detected through the incorporation of scintillation or thermo-luminescent materials listed below into a clear organic paint, thereby imparting radiation sensitivity, as shown in Figure 2 . Special inorganic pigments are added to the paint that produce luminescence when irradiated by alpha and gamma rays [1] [2] [3] [4] [5] , while organic scintillation pigments are exploited for the detection of beta particles [1] . To enhance detection, the luminescence can be used to stimulate florescence in dyes within the polymeric binder of the paint, thereby shifting the wavelength of emitted light.
Inorganic Scintillator Pigments
Any historical exposure of a surface to radiation can be detected through the incorporation of a thermo-luminescent pigment into a transparent paint. These integrating coatings record the historic dose that the paint has seen prior to the thermal annealing that is used to reset the material. Note that more recent advancements in thermo-luminescent materials have lead to the possibility of using aluminum oxide with interrogation and reset accomplished with lightstimulated luminescence [6] .
Thermo-Luminescent Pigments
Thermo-luminescent (TL) paints have been prepared with the three size-fraction TL pigments: coarse (−75/+53 µm); medium (−53/+38 µm); and fine (−38 µm). Each coating was prepared with powder that was produced by milling TLD-700 Li-7 fluoride ( 7 LiF) chips, taking the desired size fraction, and mixing it with a clear organic paint for hightemperature applications (PJH Brands SP-115 VHT Clear Coat). In all cases, the ratio of clear coat to powder was 10:4 by weight. Scintillation-Type Paints -The selection of an ideal scintillation pigment for a radiation-sensitive paint is difficult. A material must be found that simultaneously satisfies several important criteria: high photon yield from the radiation being detected; a peak emission wavelength that is well suited to the spectral sensitivity of the interrogation device; a refractive index at the peak wavelength that closely matches the organic binder, thus minimizing losses due to scattering; and exceptional long-term stability in the presence of water. In regard to stability in the presence of water, hygroscopic materials are obviously incompatible with water-based latex clear coats, and lack the long-term stability necessary for enduring humid and moist conditions. In cases where these scintillation materials need to be used, it is necessary to disperse them in lacquers that are dissolved in organic solvents. Refractive index matching between the binder and the pigment particles would minimize the effects of light scattering at interfaces, and would therefore maximize the transmission of emitted light towards the detector. Properties for several of the scintillation materials listed on the previous page are given in Table 1 . Of all known scintillation materials, thallium-doped sodium iodide, NaI(Tl), is best matched to the spectral sensitivity of photomultiplier tubes (PMTs) with a bialkali photocathodes [3, 7] . Since the wavelength of maximum emission for NaI(Tl) is close to the peak spectral sensitivity such photo-multipliers, it has been used to build the most sensitive PMT-based detectors. Unfortunately, this highly responsive scintillation material is very hygroscopic, and is therefore undesirable as a scintillation pigment in the new paints discussed here, especially in water-based latex paints. Since these crystals can be damaged by intense solar radiation, their application in paints is further complicated.
In comparison to NaI(Tl), thallium-doped cesium iodide, CsI(Tl) is significantly less hygroscopic, and might therefore be useful as a scintillation pigment. Unfortunately, CsI(Tl) scintillation crystals with PMT detectors produce only 45% of the output possible with comparable NaI(Tl)-based systems [4, 7] . While CsI(Tl) is one of the brightest known scintillation materials, with a light yield of approximately 54 photons per keV, compared to only 38 photons per keV for NaI(Tl), its wavelength of maximum emission is centered at 550 nm. CsI(Tl) is therefore poorly matched to the spectral response of a typical PMT with a bialkali photocathode. This relatively long-wavelength scintillation material is however very well suited to the spectral sensitivity of solidstate photodiodes. While the relatively slow decay time for CsI(Tl) limits its application in high count rate applications, it is not viewed as being problematic in the application at hand. It is important to note that the use of sodium instead of thallium as an impurity for doping CsI leads to unacceptable sensitivity to moisture.
The relatively high stability of europium-doped calcium fluoride, CaF 2 (Eu), in the presence of water makes it highly desirable as a potential scintillation pigment in a paint [5, 7] . However, the disadvantage of this particular pigment is the relatively low light yield (19 photons per keV). The light output for a PMT with a bialkali photocathode is comparable to that from a CsI(Tl) based system. These will be incorporated into the paint films, thereby imparting radiation sensitivity. Other active agents will also be exploited.
Thermo Applying Paints -Numerous methodologies can be used for the production of derivative-type paints and coatings for detecting the presence of radiological agents on or near surfaces, and for the production of "integrating" paints and coatings for quantifying longterm exposure to doses of radiation, which may or may not be present at the time of interrogation [8] . These coatings incorporate scintillation and/or thermo-luminescent materials as pigments and can be easily produced with a variety of processes summarized below:
Organic polymeric binders • Spray-on paints or coatings with organic polymeric binders • Brush-on paints or coatings with organic polymeric binders • Coatings and films produced with web coater and organic polymeric binders • Powder coatings Inorganic ceramic/metallic binders • Cold-spray processes • Thermal-spray processes Shingleton and LaFrate [6] have recommended the use of standard clear decontamination paints that can be easily pealed from surface as single sheet for retrieval and reading. These paints are used in the United Kingdom for preventing contamination of systems in nuclear service, and for aiding in enabling easy decontamination during after work is complete. Scintillation provides an opportunity to perform spectroscopy, since the height of the output pulse from the PMT amplifier is proportional to the energy of the emitted radiation. This energy-dependent pulse height can be fed to upper and lower discriminators, with anti-coincidence counting. Such a scheme only counts those pulses falling between two energy limits determined by the settings on the discriminators. 
SCINTILLATION-TYPE PAINT
Radiation Sources Used -Several radiation sources were used to evaluate the radiation-sensitive paints. The invariant properties of these sources are summarized in Table 2 . In regard to Table 2 , it should be noted that sealed sources such as Ra-226 transmit only gamma rays to the detector. The specific identification of sources and their activities given here: , it is believed that this paint contains water, dipropylene glycol monomethyl ether, and dipropylene glycol monobutyl ether [15] .
The ratio of ZnS(Ag) to the polyurethane clearcoat was approximately 3:1. For example, about ½ teaspoon of ZnS(Ag) was added to about 1 teaspoon of polyurethane clear-coat paint. By weight, this mixture was: ZnS(Ag) = 3.3062 grams; latex = 10.0104 grams. The resultant paint mixture was thinned slightly by adding de-ionized (DI) water, which prevented cracking of the paint film during drying.
The paint was applied to glass microscope slides, each having a length of 2 inches, a width of 1 inch, and a thickness of 0.036 inches. Several slides were measured, with no significant difference in thickness. Several samples of the alpha-sensitive paint were made with variable thickness by applying the mixture to glass slides as shown in Figure 3 . Thickness data at three longitudinal locations along the length of five samples is summarized below:
• CLR COAT -1: 0.041, 0.043 and 0.043 inches; average = 0.0423 inches (160 µm).
• CLR COAT -2: 0.045, 0.047 and 0.043 inches; average = 0.0450 inches (229 µm).
• CLR COAT -3: 0.048, 0.048 and 0.048 inches; average = 0.0480 inches (305 µm).
• CLR COAT -4: 0.049, 0.051 and 0.054 inches; average = 0.0513 inches (389 µm).
• CLR COAT -5: 0.052, 0.054 and 0.058 inches; average = 0.0547 inches (475 µm).
To qualitatively determine the count rate in the absence of the polyurethane clear-coat paint, ZnS(Ag) particles were held on the surface of a glass slide by a thin layer of clear double-stick tape manufactured by 3M Corporation (Scotch Poster Tape 109). These samples are simply denoted ZnS(Ag). This particular paint proved insensitive to all sources except the Pu-239 alpha source. The ZnS(Ag) pigment provided very good scintillation in the presence of alpha radiation, with very little phosphorescence due to exposure to ambient light. In sharp contrast, the phosphorescence from ZnS(Cu) pigments is so strong that no scintillation can be measured due to light-induced phosphorescence.
A water-based latex paint with ZnS(Ag) scintillation pigment enabled the detection of nearsurface alpha particles from a Pu-239 source, as shown in Table 3 , and Figures 4 and 5. Alphas could be detected as long as the source was located within a distance of 2 centimeters from the painted surface, a distance determined by the penetration distance of alpha particles in air. For cases where the painted surface is located between the alpha source and the detector, an optimum paint thickness was determined to be approximately 229 µm.
Parametric studies were performed, determining the scintillation rate as a function of coating thickness and the distance of separation between the coating and source. An optimum paint thickness was identified. The paint has to be thick enough to provide an easily detectable level of scintillation, but not so thick that the scintillations undergo self-absorption by the paint before reaching the detector. All instrumentation was assembled and used in Building 379 at Lawrence Livermore National Laboratory (LLNL). This is a specially designed building, with unusually low levels of background radiation from terrestrial and cosmic sources. For example, the ceiling of the building is shielded. Equipment is shown in Figures 6 through 8 . A standard photo-multiplier tube (PMT) was used to detect scintillations emitted during irradiation of the paint film with alpha particles from the Pu-239 source. Initial amplification of the current pulses from the PMT was done with a Video Optics Model RPS 2000 Preamplifier, which was incorporated into the base of the PMT, which also provided high-voltage to the tube.
The signal from the pre-amplifier was then input to an Ortec Model 372 Spectroscopy Amplifier. The amplified output from this module was then input to an Ortec Model 770 Pulse Counter, or to a Tennelec Model TC536 Counter-Timer, which were both read manually as the distance between the source and paint film was varied. This data acquisition system will be automated in the future.
Prior to making measurements with the paint film and PMT, the operation of the pulse-counting network was tested a standard NaI(Tl) scintillation detector for gamma detection (Harshaw Serial Number 432) and the 10-µCi Cs-137 gamma source (Serial Uumber GL732). A Tektronix digital oscilloscope was used to simultaneously monitor output from the PMT preamplifier, thereby validating the signal. After validation of the PMT signal with the oscilloscope, and optimization of the pulse counting network, measurements were made with the following instrument settings: Gamma Sensitive Paint -Gamma-sensitive organic coatings (paints) were prepared by mixing the Varathane interior clear coat [16] and CsI(Tl) scintillation pigments, which were prepared by grinding CsI(Tl) plates. In a manner similar to that described for the preparation of water-based paints ZnS(Ag), these organic-based paints with CsI(Tl) were also applied to 1-inch × 2-inch glass slides.
As previously discussed, gamma-sensitive organic coatings (paints) were prepared by mixing the Varathane interior clear coat and CsI(Tl) scintillation pigments, which were prepared by grinding CsI(Tl) plates. These paints were then applied to glass slides, and placed on the surface of a 100-µCi Ra-226 gamma source. A Nikon 2DX 9-megapixel digital camera (5.4 µm pixel size) was then used to image scintillation from the painted surface during relatively brief (5 minute) time-lapse exposures.
A Nikon 2DX 12.8-megapixel digital camera and improvised dark box are shown in Figure 9a and 9b. A painted sample suspended in a polyethylene bag, and handing in front of 100-µCi Ra-226 gamma source, is shown in frames (c) and (d). The lead bricks used for shielding are also evident. Images of the scintillating pigment material and radiation-sensitive paint were collected with the digital camera are shown in frames (e) and (f), respectively. The upper frame (e) shows the scintillation from a thin sheet of CsI(Tl), and the bottom frame shows the scintillation from an organic paint with CsI(Tl) pigment. Timelapse photography with a commercially-available 12.8-megapixel camera have clearly shown radiationinduced scintillation from an early organic-based paint with ground CsI(Tl) pigment exposed to a 100-µCi gamma source. 
THERMO-LUMINESCENT PAINT
Paint Preparation -Thermo-luminescent paints were prepared with thermo-luminescent pigment produced by milling TLD-700 Li-7 fluoride ( 7 LiF) chips, and mixing it with a clear organic paint for high-temperature applications (PJH Brands SP-115 VHT Clear Coat). The ratio of clear coat to powder was 10:4 by weight. The pigment received an initial dose of more than 20,000 rad from a Co-60 gamma source before incorporation into the paint. Paint samples identified as LiF (#1), LiF (#2), and LiF (#3) were prepared with coarse (−75/+53 µm), medium (−53/+38 µm) and fine (−38 µm) pigments, respectively.
Detection -Emissions from the coating were monitored as a function of time and temperature with a Digi-Base photomultiplier tube (PMT), interfaced directly to a laptop computer via the USB-2 port, as shown in Figure 10a . A Nikon D2X digital camera was also used to image thermo-luminescence of paint samples as they were heated. Figure 10b shows an image of LiF (#1) during heating. Interrogation involved heating the irradiated coatings in a controlled manner, using a hot plate. The coatings were heated to 300ºC to 306ºC on the surface of a 4-inch×4-inch hot plate. 
Emissions from the coating were monitored as a function of time and temperature with a DigiBase photomultiplier tube (PMT), interfaced directly to a laptop computer via the USB-2 port. The coatings can also be heated with a "stand-off laser system. The lower photograph (b) shows thermoluminescence from a coating prepared with powder prepared by milling TLD-700 Li-7 fluoride ( 7 LiF) chips, and a clear organic paint for high-temperature applications (PJH Brands SP-115 VHT Clear Coat).

(a)
First Irradiation -Time-lapse photographs were taken of LiF (#2), the paint with medium-size pigment, at 5-second intervals during heating, as shown in Figures 11a through 11c . The first image, Figure 11a , was taken at approximately 300ºC, with intense, easily seen thermo-luminescence.
Time-lapse photographs were taken of LiF (#3), the paint with fine pigment, at 5-second intervals during heating, as shown Figures 12a through 12h . The first image, Figure 14a , was taken at 296 to 300ºC. These images show the decay in luminescence with time. After the coatings are fully annealed, they can be re-used, thus detected other gamma exposures. These time-lapse images show decreasing thermoluminescence with increasing time at temperature. Figure 13a shows the initial temperature and thermo-luminescence versus time for LiF (#1), the paint with coarse pigment. Figure 13b shows the thermo-luminescence as a function of temperature, and is based on the transient data shown in the first figure. From these data, the temperature threshold for interrogation of these gamma-sensitive paints is between 100 to 150ºC (~120ºC). It is reasonable, based on this data, to expect that these paints could store information in hot desert climates. Figure 14a shows the initial temperature and thermo-luminescence transients for LiF (#2), the paint with medium pigment. Figure 14b shows the thermoluminescence as a function of temperature, and is based on the transient data shown in Figure 13a . From these data, the temperature threshold for interrogation of this paint also appears to be between 100 to 150ºC (~120ºC). The signal intensity is comparable to that obtained with LiF (#1), prepared with coarse pigment. Figure 15a shows the initial temperature and thermo-luminescence versus time for LiF (#3), the paint with fine pigment. Figure 15b shows the thermo-luminescence as a function of temperature, and is based on the transient data shown in Figure  15a . From these data, the temperature threshold for interrogation of this paint also appears to be between 100 to 150ºC (~120ºC). The signal intensity with this pigment less than that obtained with the coarser (−75/+53 and −53/+38 µm) pigments. Figure 16 shows a comparison of the initial thermo-luminescence as a function of temperature for LiF (#1), LiF (#2) and LiF (#3), prepared with coarse (−75/+53 µm), medium (−53/+38 µm), and fine (−38 µm) pigments, respectively. From these data, the temperature threshold for interrogation of these gamma-sensitive paints appears to be approximately 100 to 150ºC (~120ºC), regardless of pigment size. The signal intensity is less than that obtained with the coarser (−75/+53 and −53/+38 µm fractions) thermoluminescent pigments. A slight optimum in performance may exist for the −53/+38 µm size pigment, with the fine pigment having the poorest performance. Second Irradiation -As previously discussed, thermo-luminescent paints were made with the three size-fraction pigments: coarse (−75/+53 µm); medium (−53/+38 µm); and fine (−38 µm). These paints were identified as LiF (#1), LiF (#2) and LiF (#3), respectively. These paints were thermally reset after initial irradiation by heating to a temperature above 300°C. The samples were then irradiated a second time with a dose of approximately 50,000 rad and interrogated. Figures 17, 18 and 19 show the temperature and thermo-luminescence transients following the second irradiation for LiF (#1), LiF (#2) and LiF (#3), respectively. Figure 20 shows a comparison of the thermoluminescence as a function of temperature for paint samples This figure shows the thermo-luminescent response verses temperature following the second irradiation. From these data, the temperature threshold for interrogation of these gamma-sensitive paints appears to be approximately 80 to 100ºC (~85 ºC). In comparison to the initial measurement, the threshold temperature for the onset of thermo-luminescence may have shifted to lower levels, but requires additional work to verify. The signal intensity from the fine pigments (−38 µm) is less than that obtained with the coarser pigments (−75/+53 and −53/+38 µm fractions), which is consistent with the initial irradiation. It also appears that a slight optimum in performance may exist for the −53/+38 µm size pigment, with the fine pigment having inferior performance.
(a) (b) (c) Figure 11-These three figures (a through c) are a time-lapse thermo-luminescent sequence taken at 5-second intervals, with the first image (a) taken
Third Irradiation -Thermo-luminescent paint samples LiF (#1), LiF (#2) and LiF (#3) were irradiated a third time with a dose of ~5000 rad, as shown in Figures 21 through 23 . This figure shows the temperature and thermo-luminescent transients following the third irradiation. Figure 24 shows a comparison of the thermo-luminescence as a function of temperature for these three paint samples, LiF (#1), LiF (#2) and LiF (#3), obtained after each was irradiated a third time with a dose of ~5000 rad. These samples were prepared with three size-fraction pigments, coarse (−75/+53 µm), medium (−53/+38 µm) and fine (−38 µm), respectively.
The temperature threshold for interrogation is between 120 and 150ºC at a lower dose of 5000 rad, and is greater than the threshold of 80 to 100 ºC observed with the higher dose of 50,000 rad. It is therefore concluded that the stored dose information is more stable as the dose decreases.
From the comparison of thermo-luminescence data in Figures 25 and 26 , it can be concluded that the performance of pigments in LiF (#1) and LiF (#2) are comparable, whereas the performance of pigment in LiF (#3) is relatively poor. The size distribution of pigments used in LiF (#1) and LiF (#2) were coarse (−75/+53 µm) and medium (−53/+38 µm), respectively. The size distribution of the pigment used in LiF (#3) was fine (−38 µm). It is therefore concluded that radiation sensitive paints using this type of TL pigment should use particle sizes greater than 38 µm. The finer pigments may have too many defects from grinding to function well as thermoluminescent micro crystals. Figure 27 shows the integrated response of TL paint sample LiF (#2), with two points obtained by integrating the responses represented by Figure 26 . Easily visible detection is possible at exposures below 1000 rad, and with enhanced paints and detection instruments, detection well below 1 rad should be possible. However, the lower detection level requires additional development.
As shown in Figure 28 , the peak emission during interrogation is at a wavelength of 400 nm, in the violet-to-ultraviolet range, which was expected. 
CONCLUSIONS
A simple water-based optically-transparent latex paint with ZnS(Ag) scintillation pigment produced a paint with opaque appearance, and enabled the detection of near-surface alpha particles from a very weak (~ 1 nCi) Pu-239 source. Alphas could be detected as long as the source was located within a distance of 2 centimeters, a distance determined by the penetration distance of alpha particles in air. For cases where the painted surface is located between the alpha source and the detector (PMT with pulse counting network) an optimum paint thickness was determined to be approximately 229 µm.
Time-lapse photography with a commerciallyavailable 12.8-megapixel camera have clearly shown radiation-induced scintillation from an early organicbased paint with ground CsI(Tl) scintillation pigment exposed to a 100-µCi 0.26-MeV gamma source. This simple and elegant approach provides a powerful detection capability with profound implications.
Radiation sensitive paints capable of integrating dose were prepared with the three size-fraction TLtype pigments: coarse (−75/+53 µm); medium (−53/+38 µm); and fine (−38 µm). As previously discussed, each coating was prepared with powder that was produced by milling TLD-700 Li-7 fluoride ( 7 LiF) chips, taking the desired size fraction, and mixing it with a clear organic paint for hightemperature applications (PJH Brands SP-115 VHT Clear Coat). In all cases, the ratio of clear coat to powder was 10:4 by weight. First, the coating pigment was given a dose of >20,000 rad from a Co-60 gamma source, mixed with the clear coat paint, and then applied to a surface. The surface was then heated with a hotplate while the thermo-luminescent response was monitored with a photomultiplier tube. From the data obtained with these gamma-sensitive paints, the temperature threshold for interrogation was determined to be approximately 110 to 120ºC. The signal intensity is less than that obtained with the coarser (−75/+53 and −53/+38 µm fractions) thermoluminescent pigments. A slight optimum in performance may exist for the −53/+38 µm size pigment, with the fine pigment having inferior performance. Each sample was then irradiated a second time, with a dose of ~50,000 rad, and interrogated. The thermo-luminescent response was measured as a function of temperature following the second irradiation. From these data, the temperature threshold for interrogation of these gamma-sensitive paints appears to be approximately 80 to 100ºC. In comparison to the initial measurement, the threshold temperature for the onset of thermo-luminescence may have shifted to lower levels, but requires additional work to verify. The signal intensity from the fine pigments (−38 µm) is less than that obtained with the coarser pigments (−75/+53 and −53/+38 µm fractions), which is consistent with the initial irradiation. It also appears that a slight optimum in performance may exist for the −53/+38 µm size pigment, with the fine pigment having inferior performance. In either case paint has been developed that is clearly capable of integrating gamma dose, and allowing interrogation upon heating to a modest temperature above ambient. A third irradiation of TL-type paints delivered a dose of approximately 5000 rad. In this case, the temperature threshold for interrogation in this case was between 120 and 150ºC, and was greater than the threshold of 80 to 100 ºC observed with the higher dose of 50,000 rad. It is therefore concluded that the stored dose information is more stable as the dose decreases.
It was concluded that the performance of pigments in LiF (#1) and LiF (#2) were comparable, whereas the performance of pigment in LiF (#3) was relatively poor. The size distribution of pigments used in LiF (#1) and LiF (#2) were coarse (−75/+53 µm) and medium (−53/+38 µm), respectively. The size distribution of the pigment used in LiF (#2) was fine (−38 µm). It was therefore concluded that radiation sensitive paints using this type of TL pigment should use particle sizes greater than 38 µm s. The finer pigments may have had too many defects from grinding to function well as thermo-luminescent micro crystals. The peak emission during interrogation is at a wavelength of 400 nm, in the violet-to-ultraviolet range, which was expected.
DISCUSSION
While these paint films will never compete with high-efficiency solid-state radiation detectors in regard to sensitivity, these paints could be developed to the point where they have performance comparable to standard film badges. Unlike either expensive solid-state detectors or discrete film badges, these paints can be used for covering large areas such as the walls, ceilings and floors of structures, thereby providing potential advantages for decontamination of surfaces covered with widespread radioactive contamination. Other potential advantages of this radiation-sensitive paint technology could include the tagging and labeling of containers used for the transportation and storage of nuclear materials, and for the tagging and labeling of piping, vessels and other process equipment used for the processing and reprocessing of nuclear materials, including but not limited to spent nuclear fuel.
Radiation-sensitive paints and coatings could be used to monitor exposure in various scenarios of interest: (1) as paints for buildings and equipment in industrial plants involved in the production of nuclear and radiological materials; (2) as paints for the inside of nuclear power plants, nuclear powered ships, and submarines; (3) as paints for trucks and shipping containers and road-side facilities along shipping routes; (5) as paints for unmanned aerial vehicles, micro airships, and other surveillance devices; and (6) as paints for the detection and monitoring of activities involving radiological materials.
In addition to enabling the long-term exposure (dose) of operating personnel in nuclear plants and nuclear-powered ships to be monitored, surfaces coated with these paints could be used to track and image the spread of radioactive contamination. Ultimately, thermo-luminescent paints and coatings could be used as a basis for qualifying the receipt of shipping containers for acceptance into the United States, where such qualification could be done through field interrogation of the painted surface, or through quantification of sampled paint chips. These coatings can also be used on aircraft, to detect corrosion damage underneath protective coatings, by enabling the unexpected movement of ion-implanted tracers (such as Tc-99) to be detected and monitored.
Multifunctional paints can be formulated that enable the simultaneous detection of alpha, beta and gamma rays, with energy discrimination. While simple scintillation pigments provide a means of instantaneous detection, the use of thermal (thermo) luminescent materials can provide an integral measurement of radiation exposure, with a historical record of any radiation exposure that a particular coating may have been exposed to.
A vision has evolved where the surfaces of engineered structures are functionalized to enable them to serve as detectors of various environmental contaminants, including radioactive materials. Since the surfaces of most engineered structures are painted to protect them from corrosion, and to impart esthetic beauty, paints provide a viable means for imparting such functionality to surfaces. Ultimately, such paints could be used to allow relatively easy detection of widespread radioactive contamination on the surfaces of buildings and mass transit systems, thereby enabling such areas to be more readily decontaminated. Such coatings could also be used to form large-area temper-proof indicators, to reveal the presence of radioactive materials, and to ensure compliance with various regulatory requirements and other agreements. Such paints would be ideal for buildings and facilities involved in the processing and storage of nuclear materials, and could even be used to monitor contamination and dose on-board space craft and inside nuclear powered ships. Developmental work done thus far has demonstrated the viability of this concept. The concept of using sensing pigments can be easily extended to molded plastic parts. Additional work required for the full realization of the concepts potential is outlined.
By using such paints in tunnels and structures that might become contaminated with radioactive materials, decontamination efforts could be enhanced since the exact locations of contamination could be easily detected, using either a camera or more sensitive systems. The paints could be reset during the decontamination effort, so that progress could be monitored. There are many other attractive applications of such material. These paints are inexpensive, easy to deploy on massive surfaces, and easy to interrogate.
FUTURE WORK
Suitable applications should be identified in collaboration with potential end users.
The scintillation and thermo-luminescent type paints should both be optimized by: (1) matching the pigment to the radiation-detection application; (2) matching the refractive indices of the pigments and binders to minimize the luminescent photons scattered away from the detectors; (3) using only optimal pigment particles; and (4) preparing emulsions with the proper viscosity and drying characteristics for application with spray systems.
Multi-functional radiation-detection paints should be developed, with mixtures of pigments which could impart sensitivity to various types of radiation, including alpha, beta, gamma, and neutron. Pigments could also be modified to enable energy discrimination, which could be de-convoluted during interrogation.
Other nano-engineered materials and quantumdots, developed by the scientific comm could also be employed for the purpose of pigmentation.
A hand-held stand-off monitoring system, using a laser to heat a spot on the painted surface during interrogation, and a telescope and photomultiplier tube for simultaneously monitoring thermoluminescence should be developed. acknowledged for collaboration on the further development of the thermal luminescent paint concept.
